Irregularities in both nuclear shape and size ('pleomorphism'), coupled with changes in chromatin amount and distribution, remain the basic microscopic criteria for a cytologic diagnosis of cancer. Moreover, in several cancer types (e.g. in breast cancer), nuclear pleomorphism is graded and correlates with clinical aggressiveness and patient outcome [1, 2] . Despite the widespread use of such morphological criteria for the daily cytological diagnoses on smears and fineneedle aspiration biopsies (FNA), it should be acknowledged that the light microscopy appreciation of nuclear pleomorphism is currently indirect, being based on staining of nucleic acids with basic dyes such as haematoxylin. Since heterochromatin is strictly bound to the nuclear membrane, we can derive indirect information on heterochromatin distribution using routine nuclear stains. As a result, 
consistency in classification of nuclear grade (NG) in general and specifically in breast cancer by haematoxylin and eosin is less than optimal, as the agreement of even expert pathologists ranges from 0.35 [3] to 0.59 [4] by kappa statistics.
Indeed, indentations, undulations and folds of the nuclear membrane, as originally reported by ultrastructural observations [5] , occur early in neoplastic processes and are detectable even in the pre-cancerous stage [6] , and mark a difference from the smooth, roundish nuclear shape of the normal cells of corresponding tissues and organs [7] . The deep biological significance of nuclear pleomorphism has been confirmed by in vitro models, which demonstrated that induced gene mutations are associated to tumour-specific nuclear changes. In thyroid cancer, for example, it has been shown that micro-injection of the RET/PTC oncogene into thyroid cells, leading to the activation of a tyrosine kinase, is able to induce nuclear envelope (NE) irregularity within hours, without a requirement for a post-mitotic NE reassembly [8] [9] [10] .
Progress in the analysis of the NE revealed the presence of several components: nuclear lamina, inner nuclear membrane, outer nuclear membrane, nuclear pore complexes and statin, a non-proliferation nuclear-specific protein [11] [12] [13] [14] [15] . Lamin B, a structural component of the lamina, marks the proteinaceous layer at the interface between chromatin and the inner nuclear membrane, emerin is a trans-membrane protein crossing both the inner and the outer membranes [16, 17] and nucleoporin is associated with nuclear pores (the discontinuous complexes joining the inner and outer membrane) [18, 19] . In a previous study we showed that immunofluorescent decoration of NE with anti-lamin B antibodies followed by three-dimensional (3D) reconstruction of confocal microscopic images allowed appreciation of fine arrangements of the nuclear shape in papillary thyroid carcinoma [20] .
We have now expanded this approach to breast cancer with the final aim to evaluate whether appropriate markers of the NE and tracing of NE-associated proteins might yield a more objective and direct appreciation of nuclear pleomorphism of cancer cells.
Materials and methods

Cell lines
Breast cancer cell lines MCF7, BT474 and SKBR3 were obtained from the American Type Culture Collection (Manassas, VA, USA). Cells were grown in IDMEM (Iscove Dulbecco's Modified Eagle's medium) (Sigma Aldrich, St. Louis, MO, USA) supplemented with 10% foetal calf serum (Seromed, Berlin, Germany), 2 mmol/l glutamine, 100 U/ml penicillin and 100 g/ml streptomycin (all from Sigma), and incubated at 37°C, 5% CO2.
Primary cultures of breast epithelium were obtained from reduction mammoplasties [21] . Tissues were digested with collagenase IA 200 U/ml and hyaluronidase 100 U/ml (all from Sigma). Purification was then completed following the Dynabeads Magnetic Separation method (Dybal Biothec, Oslo, Norway). Cells were grown in DMEM/Ham's F12 (Dulbecco's Modified Eagle's medium, Sigma) supplemented with 10% foetal calf serum (Seromed), 0.01 mg/ml insulin, 500 ng/ml hydrocortisone and 20 ng/ml Epidermal Growth Factor (all from Sigma).
For immunofluorescence (IF) staining, cells were plated on multi-chamber slides (Becton Dickinson, San Jose, CA, USA) and cultured in Iscove -Dulbecco's Modified Eagle's medium (IDMEM) until a 70% cellular confluence was reached. Cells were then fixed in methanol for 5 min. at -20°C and permeabilized in acetone for 5 sec. at -20°C, then brought to phosphate-buffered saline (PBS).
Histological specimens
A preliminary investigation was conducted in five cases of histologically normal breast tissue and five cases of invasive breast cancer. Additionally, a series of consecutive 304 cases of unifocal invasive breast cancer, processed following the tissue micro array procedure as outlined by Sapino et al. [22] were included in the study. The NG of such cases had originally been established according to Elston and Ellis [1] . Briefly, for each case, the selection of at least four fields was carried out on the original haematoxylin and eosin stained slides during assessment of the histological grade, in order to guarantee that the most significant intratumoral variations in terms of tubular formation, nuclear atypia and mitosis number were identified. The number of selected fields varied from 4 to 6 depending on the heterogeneity both of the histological pattern and of the grade of differentiation of the invasive breast cancer component.
Four micrometre thick sections of the paraffin block were collected onto poly-L-lysine coated slides. Sections were dehydrated in graded alcohols and processed for IF. Marked and diffuse irregularities of the nuclear membrane leading to the building up of a scaffold of intranuclear foldings were classified as high NEP, while mild-to-moderate NE irregularities with rare or absent intranuclear invaginations were classified as low NEP (Table 1) . Classification of cases into either high or low NEP categories was independently determined by the two senior authors blinded to the original histological grade. Cases were evaluated as tissue arrays and in each case 4 core, representative of different tumour foci, were selected. As a rule (in more than 80% of the cases) the nuclear shape was similar and homogeneous (either low or high NEP) in all cores of each case. In case of variability within different cores of the same case the high NEP category was assigned, whereas interobserver discrepancies, which occurred in 21 cases, were solved by consensus. We can roughly reckon that each core (diameter 1 mm) was presenting approximately 1000 cancer cells. More than 50% of cancer nuclei had to present a high grade of NE pleomorphism in order the case to be considered as high NEP.
Immunofluorescence
Cells and histological slides were immunostained for NE evaluation (Table 2 ). Cells and tissues were treated with a blocking serum (Mabtech AB, Germany), diluted 1/100, for 30 min. at room temperature and then incubated with the primary antibody for 1 hr. The slides were then rinsed three times in PBS and incubated for 45 min. with the specific secondary antibody. Finally, the slides were rinsed three times with PBS prior to mounting with an anti-fading 
Images acquisition
Tissue sections were examined with an Olympus BX51 fluorescence microscope (Olympus, Hamburg, Germany) and images were acquired using an Olympus C-7070 wide zoom camera. For confocal scanning laser microscopy, we alternatively used a LSM5 PASCAL confocal microscope (Carl Zeiss, Germany) or a FV300 confocal microscope mounted on an IX71 inverted microscope (both from Olympus), or a TCS SP2 confocal microscope (Leica, Wetzlar, Germany). Areas of non-overlapping nuclei were selected for scanning at 63ϫ magnification. Serial sections were recorded with a 0.3 m gap between sections.
3D reconstruction
Using the serial images obtained by confocal microscopy, 3D models of selected nuclei were obtained employing Amira 4.0, advanced 3D visualization and volume modelling software (TGS Template Graphics Software, http://www.tgs.com). Briefly, using sequential images of serial nuclear sections, segmentation of the region of interest was obtained outlining the nuclear profile. Each segment of the curve matching the steps between sections was proportional to the size of the nuclei and to the gaps between sections, as measured by confocal microscopy. The segmented areas were then exploited to generate 3D polygonal surface models.
Statistical analysis
The following parameters were analysed on the series of breast cancers: nuclear envelope pleomorphism (NEP) as revealed by IF, score values of NG as defined by haematoxylin and eosin (Table 1 ) and histological grade (G). Marked and diffuse irregularities of the nuclear membrane leading to the building up of a scaffold of intranuclear foldings were classified as high NEP, while mild to moderate NE irregularities with rare or absent intranuclear invaginations were classified as low NEP (Table 1) . Association between NEP and NG or G were evaluated. The correlation between NEP and the lymph node status and prognostic parameters, such as oestrogen and progesterone receptors, Ki67 and Her2 values, was analysed using the chisquare test and logistic regression analysis (Table 3) .
Statistical analysis was performed by STATISTICA 7 software (StatSoft Inc., USA).
Results
Lamin B, emerin and nucleoporin shared a similar distribution in the nuclear membrane, as also confirmed by dual IF staining. Lamin B and emerin revealed a continuous layer (Fig. 1) , while nucleoporin expression was more granular and discontinuous.
NE morphology in cell cultures
In primary cultures of normal mammary epithelium a uniform shape with an even NE edge was commonly observed (Fig. 2A) . Only occasional, scanty irregularities or isolated intranuclear foldings were detected. On the other hand, irregularities of the nuclear contour, shaping indentations and foldings of the NE were common features of all three breast cancer cell lines examined. In most cancer cells, linear strands or digitations protruding from the surface deep into nucleus were observed. Such intranuclear strands, best revealed by lamin B or emerin decoration, varied in number with some cells showing as many as four or more in the same nucleus (Fig. 2C ).
3D reconstruction of NE in cell culture
3D models of the nuclei of normal cells showed oval to ellipsoidal structures with a very smooth surface and rare indentations (Fig. 2B) . In cancer cells, 3D reconstruction allowed the building up of proper models and appreciation of the deep invaginations and tubular structures entering the nuclei (Fig. 2D) . On single images obtained by confocal microscopy, intranuclear digitations appeared as intranuclear spots, while upon 3D reconstruction they invariably connected to the outer membrane. Using the Amira software, the total extension of the NE was measured both in breast cancer cells and in normal mammary cells (from primary cultures). The ratio obtained between nuclear surface of cancer cells and normal cells demonstrated a marked increase in nuclear surface proper of the former, i.e. the ratio of the surface extension of nuclei of MCF7 breast cancer cells as related to that of normal mammary epithelial cells was in the range of 2.4.
NE morphology in tissue specimens and correlation with lymph node metastases
On tissue sections, restaining of the IF preparations with haematoxylin and eosin showed the superior information provided by the IF tracing of NE proteins and how nuclear indentations and invaginations were not or only minimally recognizable by the heterochromatin staining provided by haematoxylin (Fig. 3A and  B) . IF analysis of normal epithelium showed a regular shape with a smooth profile, while fine undulations of the NE were observed in the basally located myoepithelial cells (Fig. 3C and D) .
IF analysis was successfully recorded in 273 of 304 breast cancers tested, because cases with cracked cores or less than three cores available after IF staining were not considered for NEP evaluation. Approximately half of the cases were classified as high NEP and the remaining with low NEP. The association between NEP and NG or G or other biological and prognostic factors was not statistically significant 213 ( Table 3 & 4) except for size (pT) and lymph node status (pN). We then investigated the role of NEP to predict lymph node metastases. Interestingly, the subclassification of well-differentiated G1 cancers in low NEP and high NEP significantly correlated with lymph node status (P-value 0.0003) ( Table 5 ). In analogy, there was a significant difference (P-value 0.0016) between low NEP and high NEP in tumours 214 Fig. 2 The arrangement of the nuclear membrane, as revealed by tagging membrane-associated lamin B, was observed by confocal microscopy, in cells from primary cultures of normal mammary epithelium (A) and in BT474 breast cancer cells (C). The 3D reconstruction of the serial sections allows to appreciate the smooth roundish shape on 'normal' nuclei (B) as compared to the deep foldings and intranuclear tubules in cancer cells (D). with a mitoses score of 1 (from 0 to 8 mitoses per 10 fields of 0.55 mm) [23] ( Table 5 ). The next step was to investigate the relative significance of NEP to predict lymph node metastases by logistic multiple regression. In the analysis of the whole series of breast cancers only the linear combination of tumour size (pT) and G contributed to explain the presence of metastases (R2 of 0.181), while the addition of NEP as the independent variables increased R2 to only 0.183. However, size lost its significance (P-value 0.856) in the subcategory of G1 tumours, while NEP represented the only variable that correlated significantly with lymph node metastases (P-value 0.001).
Discussion
Nuclear pleomorphism has long been known as a typical feature of cancer cells and still retains a fundamental role in daily cyto-histological diagnoses. In the present work we traced the NE of breast cancer cells directly by IF of proteins strictly linked to the nuclear membrane, such as lamin B and emerin [9, 16, 18] . Previous studies showed that lamins, whose function is to link heterochromatin domains to the inner nuclear membrane [24] [25] [26] , are important mediators of nuclear shape. In fact, nuclear pleomorphism can be the result of genetic alteration leading to laminopathies [27] . IF investigations in cancer cells revealed localization of lamina proteins not only at the periphery, but well inside the nucleus [28] . Evidence of intranuclear membrane extensions had already been shown by electron microscopy in plant cells [29, 30] as well as in mammalian cells [31] [32] [33] . In a very extensive and well-documented study, Fricker et al. [34] were able to decorate such intranuclear tubular extensions in several mammalian cell lines and primary cultures giving evidence of them being a dynamic compartment spatially close to the nucleolus and favouring transport from the nucleus to the cytoplasm. More recently, intranuclear tubules were shown to be the site of Ca 2+ release [35] .
Our results in in vitro cultures showed that nuclei of 'normal' epithelium (from primary cultures) displayed an uniformly smooth silhouette, while in most breast cancer cell lines intranuclear deposits of lamin B and emerin were detected as spots which, upon 215 3D reconstruction, resulted to build up a scaffold. As allowed by Amira software, the ratio of total extension values of the NE, between breast cancer cells and normal mammary cells (from primary cultures) demonstrated a marked increase in nuclear surface proper of the former. It can thus be imagined that NE irregularities and intranuclear tubules might be involved in or be reactive to defects in the nuclearcytoplasmic transport, reportedly a feature typical of cancer cells [36] . Still, despite their considerable biological interest, the intranuclear tubular extensions of the NE have not yet gained attention in pathology. In the seminal work by Elston and Ellis [1] , which led to the modification of Bloom and Richardson histological grade in breast cancer, nuclear pleomorphism is assessed using three score values. These score values are given by comparing tumour nuclei with nuclei of normal breast and by considering at least four features: size, shape, uniformity of nuclear chromatin, nucleoli, so that score 1 nuclei are little larger, but very similar to normal cell nuclei, while score 3 nuclei show marked variation in size and a 'bizarre' morphology (Table 1 ). Yet, light microscopy appreciation of foldings and indentations of the nuclear membrane is rough and indirect, being based on the staining of membrane-bound heterochromatin. In the present work, we showed that high nuclear pleomorphism, as defined by staining of the NE proteins emerin and lamin, may recognize among histologically low-grade cancer (G1) and in tumours with low proliferation activity (mitotic count score 1), those more prone to metastasise to lymph node. Systematic differences between pathologists in scoring nuclear pleomorphism in breast cancer potentially contribute to differences in allocating overall grade and confirm the need for improved nuclear grading criteria [3, 4] . In addition, nuclear atypia, as traditionally evaluated by pathologists, has only limited value in breast cancer prognosis [37] . Immunofluorescence staining is a relatively cumbersome procedure, still decoration of the NE would provide prognostic information, which parallel and enhance that provided by routine histological procedures.
In addition, it has been shown that doxorubicin binds first to the nuclear membrane phospholipids [38, 39] to reach its DNA target. Concurrently, Lee et al. [40] already demonstrated a selective binding of this drug to intranuclear tubules. It can be suggested that a marked extension of surface of contact between NE and membrane-bound chromatin, as it occurs in high NEP would result in an enhanced exposure of DNA to drugs such as anthracyclines and might provide a rational basis for tailoring treatment.
In conclusion, the present study shows that evaluation of pleomorphism of the NE represents a novel parameter of interest in pathological staging and grading.
